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PRECISION ATTITUDE CONTROL SYSTEM FOR GIMBALED 

THRUSTER 

CROSS-REFERENCES TO RELATED APPLICATION(S) 
fOOOll The present application claims the benefit of priority under 35 U.S.C. §1 19 ftom 

US. Provisional Patent Application Serial No. 60/51 U38. entitled "PRECISION ATTITUDE 

CONTROLSYSTEMFORHALLCURRENTraRUSraRCHCD-.filedonOct. 14.2003 the 
disclosure of which is hereby incorpoiated by lefenmce in its entirety for all purposes. 

BACKGROUND OF THE INVENTION 
I0002J The present invention generally relates to gimbaled thrusters and more 

particularly to methods and systems for providing attitude and momentum control during 
gimbaled thruster firing for ori)it transfer and stationkeeping maneuvers. 

(00031 Gimbaled thrusters (including Hall Current Thrusters (HCTs)) are used by 

spacecraft, such as military communications spacecraft, to perform partial orbit transfer The 
HCTs. which are much more fliel-efficient than chemical thrusters. enable as much as 500kg of 
additional payload to be delivered to the missi<m orbit. 

100041 When used for orbit transfer, the HCTs are fired conHnuously for several months 

while the spacecraft attitude is controlled to track an optimal trajectory vector. The attitude 
control system maintains aligmnent of the HCT thrust axis and simultaneously rotates the 
spacecraft for solar array sun pointing. While the HCT fires, fuel-efficient attitude control is 
required, so the firing of the chemical thnisters (e.g.. REAs) for attitude control is not viable 
Furthermore, the HCTs are typically mounted on gimbaled platfom, so that their orientations 
may be actively modulated to generate control torques. The drawback of using the gimbaled 
HCTs d.rectly for attitude control is that theresultuig gimbal steps (e.g.. >10xlO«) may exceed 
the life capability of the mechanisms. 
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100051 Hence, it would be desirable to provide a system that is able to provide more 

efficient attitude and momentum control durii^ HCT firings for orbit transfer and stationkeeping 
maneuvers. 

SUMMARY OF THE INVENTION 
[00061 In one exemplary embodiment, a simple control arrangement is provided which 

uses both reaction wheel assemblies (RWAs) and gimbaled HCTs for attitude and momentum 
control. The RWAs provide attitude control and the gimbaled HCTs are used to adjust the total 
momentum of a spacecraft. The total momentum includes the RWA momentum and the angular 
momentum of the spacecraft. TWs results in precision attitude control with minimal HCT gimbal 
stepping (n,ughly 430.000 steps re.putcd fer atypical orbit transfer). The control arrangement 
pro>ddcs precision attitude control and accommodates orbit transfer trajectory tracking and 
slewing as well as on-station maneuver operations. 

100071 In another exemplary embodiment, a system for providing attitude control with 

respect to a spacecraft is provided. The system includes a reaction wheel control module 
configured to control a number of reacUon wheel assemblies associated with the spacecraft in 
order to control attitude, and a maneuver control module configured to use a nmnber of gimbaled 
Hall Current thnisters (HCTs) to control the momentum associated with the reaction wheel 
assemblies during an orbit transfer. Using the gimbaled HCTs to control the momentum 
associated with the reaction wheel assemblies during the oAit transfer results in minimal HCT 
gimbal stepping. 

100081 The maneuver control module fiirther includes a momentum adjust module and a 

gimbal module. The momentum adjust module is configured to receive information relating to 
the speed of the reaction wheel assemblies and a momentum command as input and generate a 
number of outpuu including a first output relating to a reaction wheel momentum adjust torque 
a second output relating to a thruster momentum adjust torque and a thirtl output relating to an ' 
mtegral momentum adjust torque. The gimbal module is configured to use the second and thi«l 
outputs fiom the momenhim adjust module to generate a number of outputs including a first 
output relating to a HCT torque deficit and a second output to be used to control the gimbaled 
HCTs. The reaction wheel control module is configured to use the first outputs fiom the 
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momentum adjust module mi the gimbal module respectively to genemte an output to be used to 
control the reaction wheel assemblies. 

fOOOPl Th«P'«entinventionmayp„,videanumberofadvantagesandbenefit8 For 

example, the present invention does not rely on direct attitude control using gimbaled HCTs 
which would result in gimbal stepping in excess of mechanism capability. Also, the present 
mvention does not require the use of low-ISP thrusters (such as REAs) for RWA momentum 
adjustment. Tlie present invention is versatile and robust and can accommodate trajectory 
tracking, slewing and on^tion maneuvers, all with the same control logic. Using gimbaled 
HCTs for momentum adjustment allows larger conttol toiques to be applied than would be 
otherwise possible using RWAs alone, which is a benefit for tracking high-acceleration 
trajectories, "nie present invention has the further advantages of emsuring low RWA speeds are 
maintained at all times, without the need for inefficient chemical thruster momentum aHi«,t 
maneuvers. Another advantage is that the p.«,ent invention can be used for both orbit transfer 
and mission orbit stationkeeping maneuvers. Based on the disclosure and teachings provided 
heitan. a person of ordinary skill in the art will realize other advant^es and benefits provided by 
the present invention. 

lOOlOI Reference to the remaining portions of the specification, including thedrawings 

and claims, will realize other features and advantages of the present invention. Further features 
and advantages of thepresent invention, as well as the structure and operation of various 
embodiments of the present invention, are described in detail below with respect to 
accompanying drawings, like reference numbers indicate identical or functionally similar 
elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 
10011] Aspects, advantages and novel features of thepresent invention will become 

apparent from the following description of the invention presented in conjunction with the 
accompanying drawings: 

100121 FIG. 1 i^simpHfiedschematicdiagramillustratinganexemplaryembodimentof 

the present invention; 
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C0013] FIG. 2 is a simplified schematic diagram showing a two-axis gimbaled HCT 

n«ge of motion of ± 35 degrees in both the azimuth and the orthogonal elevation directions for 
the qmcecraft as illustrated in PIG. 1 ; 

mi4] FIG. 3 is a simplified block diagram illustrating an attitude control system 

according to one embodiment of the present invention; 

I0015J FIG. 4 is a simplified block diagram illustnrting the momentum adjust logic 

according to one embodiment of the present invention; 

IO016I FIG. 5 is s simplified block diagram illustrating the gimbal logic acconling to one 

mibodiment of the present invention; 

(001 71 HG. 6 is a graph illustrating HCT orbit transfer spacecraft body rates according to 

one embodiment of the present invention; 

[001 8] FIG. 7 is a graph illustrating HCT orbit transfer spacecraft attitude errors 

according to one embodiment of the present invention; and 

r0019I FIG. 8 is a graph iUustrating HCT orbit transfer spacecraft RWA speeds 

according to one embodiment of the present invention. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 
I0020J The present invention in the fonn of one or more exemplary embodiments will 

nowbedescribed. FIG. 1 illustrates one exemplary embodiment of the present invention FIG 1 
shows a spacecraft 100 that includes a complement of four (4) HCTs each mounted on its own 
two-axis gimbaled pIatfom». th, spacecraft 100 includes a satellite and other types of space- 
based vehicles. HCTS 1 1 0 are mounted at the comer of the north and east faces and at the comer 
of the north and west faces. Two (2) more HCTs (not shown) are similarly mounted on the south 
sideofthespacecr^ 100. Based on the disclosure and teachings provided herein, a pe«on of 
ordmary skill in the art will know of other possible HCT arrangements that can be used with the 
present mvention. In an alternative arrangement, referred to as an "aft mounted" airangemcnt 
four (4) HCTs are mounted on the aft end of the spacecraft (adjacent to the LAE (Liquid Apogee 
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Engine) fice or base panel), with two (2) HCTs mounted on a gimbaled platfom, on the north 
side of the spacectaft and two (2) mounted on a platfonn on the south side 6f the spacecraft. 

I0021I FIG. 2 shows a two-axis gimbaled HCT range of motion of ± 35 degrees in both 

the azimuth and the orthogonal elevation directions for the spacecraft 100 as illustiated in FIG. 1. 

f0022] FIG. 3 illustrates an atUtude control system according to one embodiment of the 

present mvention. In one embodiment, the system 300 is implemented in the fom. of spacecraft 
flight software which resides on a computer-readable medium executable by aprocessor onboard 
of the spacecraft 100. The spacecraft 100 as shown in FIG. 1 includes an attitude sensing 
complement with a number of sensors including, for example, earth sensors, sun sensors, and a 
contmuously operating IMU (inertial measurement unit), which provides three-axis angular rate 
data. Hie gyro data is used to propagate the transfomiaUon fiom inertial-to-body coordinates 
Th« mertial reference information is updated during portions of the oibit where the earth and/or 
sun sensor data is available. 

(0023J As shown in FIG. 3. the attitude detemiination logic ("AD Logic") 310 includes 

attitude semrfng and processing logic. The AD Logic 3 10 receives input from the plant 370 The 
plant 370 represents Ae dynamics of the spacecraft 100 including various components Using 
mformation received fiom the plant, the AD Logic 310 generates filtered attitude and rate errors 
that are the input to a ProportionaMntegral-Derivative ("PID") controller 320. The PID 
controller 320 computes body-ftame torque that is forwarded to the RWA logic CWA Logic") 
330. The RWA Logic 330. in turn, computes RWA control torque command(s) for attitude 
control that are then used to prt^erly adjust the RWAs 390. 

I0024I During the HCT orbit transfer, either the east or the west pair of HCTs may fire 

The attitude and rate errors are generated by the AD Logic 310. such that when they are nulled 
by the system 300. the spacecraft attitude tracks a target n^ference fiame generated based on an 
optimal thrust trajectory vector. By tracking the target reference fiame. the nominal HCT thrust 
ax.s remams properly aligned and the mission orbit is gradually achieved over time. Target 
reference frame tracking also causes the spacecraft 100 to «x)tate about the nominal HCT thrust 
vector. Concurrently, the system 300 actively controls the solar array orientation to maintain 
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solar aiiay sun pointing, thereby providing eJectrical power to ope«te the spacecrafl 1 00 and the 
HCTs 1 10. 

10025J When the HCTs are fired to achieve orbit transfer, the maneuver logic 

("Maneuver Ix,gic") 340 operates to control the total momentum while allowing the proper 
atUtude to be achieved with respect to the spacecraft 100. The total momentum includes the 
RWAmomentumandtheangularmomentumofthespacecraftlOO. In one implementation the 
Maneuver Logic 340 includes momentum adjust logic ("Momentum Adjust Logic") 350 and 
gimbal logic ("Gimbal I^^c") 360. Using the commanded RWA momentum and the measured 
RWA speeds, both of which a>e typically measured and calculated by instniments of the 

spacecndll00.theManeaverIx,gic3408enen«esanu«berofdlffi«mtoulputsincludl^ for 
example, RWA momentum adjust torque, an HCT torque deficit, and HCT gimbal stq, 
command(s). THese outputs are then used either directly or indirectiy to effect control over the 
HCT gimbals 380 and the RWAs 390 so as to properly provide attitude cont«I with respect to 

the spacecraft 100. 

I0026I As shown in FIG. 3. using infomiation relating to the RWA momentum and 

speed, the Momentum Adjust Ix>gic 350 generates the thmster momentum a(Uust torque and the 
uitegral momentum adjust torque, both of which are then provided to the Gimbal Logic 360 The 
Gimbal Logic 360. in turn, generates the gimbal step command(s) that are then used to contml 
the HCT gimbals 380 to provide the proper tonjue. 

f0027] In addition, the Gimbal Logic 360 and the Momentum Adjust Logic 350 also 

generate the HCT torque deficit and the RWA momentum adjust tonjue respectively ITus 
together with the PID torque fiom the PID controller 320 are provided to the RWA Logic 330 
In response, the RWA Lx>gic 330 generates the RWA control torque command(s) that are then 
used to control the RWAs 390 to provide the proper attitude. 

[00281 As a result, during an HCT orbit transfer, the HCT gimbals 380 and the RWAs 

390 are collectively adjusted by the system 300 to provide more precise attitude control with 
respect to the spacecraft 1 00. 
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ICW29I FIG. 4 Shows one embodiment of the Momentum Adjust Logic 350. In block 

4 10, the RWA momentum is computed fiom the RWA speeds. The RWA inomentum is then 
subtracted fiom the momentum command(8) to geneiBte the commanded momentum error M. 
The momentum em,r M. is used to compute the RWA momentum adjust torque T„. _ which is 
equal to the thnister momentum adjust torque T™ The momentum erwr M. is al^ used to 
compute the momentum adjust integral torque T^i. 

I0030J As shown in FIG. 4. the parameters Kp and are proportional and integral 

control gams respectively. The limiter logic 430 is „s«l to limit the magnihide of the oulput of 
the Kp logrc 420 if the output exceeds a predetcn„im«I threshold. The irrtegral logic 450 is used 
to compute a discrete time integral of the output of the K, logic 440. Whei. the attitude ermr 
exceeds a predetemiined threshold, the output of the K, logic 440 is set to zero and. hence the 
momentum adjust integral torque T^^ remains constant. 

f0031J Referring back to FIG. 3. the RWA momentum adjust torque is summed with the 

RWA attitude control torque (PID torque) for input to the RWA Logic 330. THe thrusler 
momentum adjust torque and the momentum adjust integral torque are summed and input to the 
Gmibal Ix>gic 360. The application of the RWA momentum adjust torque causes the RWA 
momentum error to decrease. Applying the fhruster momentum adjust torque causes a 
counteracting torque to be simultaneously applied to the spacecraft 100 by the gimbaled HCTs 
380. Hence. During momentum adjust, the net torque is or close to zero. n,e effect is to r«luce 
the RWA momentum error with almost no impact on the spacecraft attitude pointing It will be 
appreciated and understood by those skilled in the art that the purpose of the integral term is to 
null the HCT disturbance torque and drive the steady-state RWA momentum error to zero In 
the absence of an attitude control torque demand (i.e, zert, PID torque), the integral tem. will 
drive the HCT gimbals to their zero-torque orientations. 

100321 PIG. 5 illustrates one embodiment of the Gimbal Logic 360. The Gimbal Logic 

360 .s used to generate the gimbal step command(s) and the HCT torque deficit RWA torque 
demand. Additional details regarding the Gimbal Logic 360 can be found in U.S. Pat No 
6.481.672 (by Ratan and Goodzeit). which is incorpomted in its entirety by reference herein 
The Grmbal Ugic 360 operates as follows. The estimate HCT gimbal torque T, is subtracted 
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fiom the input toique demand (the sum of the momentum adjust to«,ue and integral torque 
demands) and the delta torque demand AT, is input to the gimbal toique cdntml logic. n,e 
gimbal torque control logic computes the change in the HCT gimbal angles LO, (delta gimbal 
angles) to achieve the requisite delta torque. Additional logic may modify the gimbal delta 
angles to maximize the net HCT thrust in a desired body-ftarae direction. 

[00331 The gimbal command logic is used to compute the gimbal steps that are necessary 

to achieve the desired delta gimbal torque, and the gimbal step demand is Input to the gimbal 
dnve electronics to achieve the change in gimbal angles. In addition, the gimbal angle 
equivalent to the step demand is used to update the knowledge ofthe gimbal positions foruse 
in the next processing cycle. Finally, the commanded delta torque AT; is subtracted fiol the 
expected change in the HCT torque AT; (based on the commanded gimbal steps) to get the HCT 
torque deficit AT;^ . By summing the torque deficit with the RWA torque demand, the total 
RWA momentum adjust torque is reduced. This prevents attitude transients by maintaining 
consistency between the applied RWA momentum adjust torque and the HCT gimbal torque. 

(00341 FIGs. 6. 7 and 8 are various graphs showing information relating to a two-day 

portion of an HCT orbit transfer for a spacecraft that includes a system according to one 
embodimem ofthe present invention. FIG.6 shows the spacecraft body rates. FIG.7showsthe 
attitude error, relative to the commanded target reference frame. FIG. 8 shows the RWA speeds 
FIG. 8 shows that the RWA speeds are maintained well below 1000 rpm at all times, which is 
well within their allowable operating speed range of ± 6500 rpm. Also, high accuracy attitude 
control ismaintalned.withsteady-stateenorsofless than 0.01 degrees. TTie only exceptions are 
when the trajectory transitions through the ptoximity regibii. where the ahgUlaf separation 
betweenthethnisttrajectoryvectorandthesunvectorislessthanSOdegrees. Inthisregion to 
maintain solar array sun pointing. large RWA torques may be applied to rotate the spacecraft 
about the HCT thrust axis. Despite the need for larger torques, low RWA speeds are maintamed 
usmg Uie present invention, and because the proximity region encounter are brief and the 
attitude error is about the thrust axis, there is little impact on overall orbit transfer performance 
Because the momentum error is a low bandwidth and low noise signal, there is very little 
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chattering of the HCT gunbals. For this two^ay simulation, the total number of gimbal steps is 
roughly 8600, which translates to 1 step every 20 seconds. 

(00351 Based on the disclosure and teachings provided herein, it should be understood 

that the present invention can be used in a variety of applications including, for example 
commercial ami/or government spaceciaft programs. A person of ordinary skill in the m will 
appreciate other ways and/or methods to deploy the present invention in different tvpes of 
appfa'cations. 

[00361 It should be understood that the present invention as described above can be 

implemented in software, hardware, or a combination of both, in the form of control logic in a 

modularorintegratedmamter. Based on the disclosme and teachingsprovidedherein.ape^^ 
of ordinary skill in the art will ^preciate other ways and/or methods to implement the present 
inventioa 

10037] The above description is illustrative but not i^trictive. Many variations of the 

present mvention will become apparent to those skilled in the art upon review of the disclosure 
The scope of the present invention should, therefore, be detemiined not with reference to the 
above description, but instead should be determined with reference to the pending claims along 
with their full scope or equivalents. 
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1 . A system for providing attitude control with respect to a spacecraft, comprising: 

control logic configured to adjust a pluraUty of reaction wheel assemblies 
associated with the qiacecraft in order to control attitude; and 

control logic configured to use a plurality of gimbaled thnisteis associated with 
the spacecraft to control the momentum associated with adjusting the plurality of reaction wheel 
assemblies. 

2. The system of claim 1 wherein the plurality of gimbaled thnistera include a 
plurality of gimbaled Hall Cunent Ihnistere (HCTs). 

3. The system of claim 2 wherein using the plurality of gimbaled HCTs to of&et the 
momentum associated with adjusting the plurality of reaction wheel assembUes during an orbit 
transfer results in minimal HCT gimbal stuping. 

4. The system of claim 1 wherein the spacecraft includes a satelUte. 

5. FUght software having one or more instructions configured to effect the system as 
recited in claim I. wherein the flight software resides on a computer-readable medium 
executable by a processor onboard the spacecraft. 

6. A system for providing attitude control with respect to a spacecraft, comprising: 
a reaction wheel control module configured to control a plurality of reaction 

wheel assemblies associated with the spacecraft in order to control attitude; and 

a maneuver control module configured to use a plurality of gimbaled thrusteis to 
comrol the total momentum of the spacecraft, the total momentum including the momentum 
associated with the plurality of reaction wheel assemblies during an orbit transfer. 

7. TTie system of claim 6 wherein the plurality of gimbaled thrustera include a 
plurality of Hall Cunrent Thnisteis. 

8. The system of claim 6 wherein using the plurality of gimbaled Ihrustcre to control 
the momentum associated with the plurality of reaction wheel assemblies during the ort)it 
transfer results in minimal gimbal stepping. 



10 



wo 2005/037646 



■CT/US2004/033736 



9. The system of claim 6 wherein the spacecraft includes a satellite. 

10. Flight software having one or more instnicUons configured to effect the system as 
recited in claim 6. wherein the flight software resides on a computer-ieadable medium 
executable by a processor onboard the spacecraft. 

n . The system of claim 6 wherein the maneuver control module further includes a 
momentum adjust module and a gimbal module; 

wherein the momentum adjust module is configured to receive information 
relating to the speed of the plurality of reaction wheel assemblies and a momentum command as 

mput and geneniteaplurality of outputs inchidingafiist output relating toareaction wheel 
momentum adjust torque, a second output relating to a thiuster momentum adjust tonjue and a 
third output relating to an integral momentum adjust torque; 

wherein the gimbal module is configured to use the second and third outputs from 
the momentum adjust module to generate a plurality of outputs including a fi«t output retoting to 
a torque deficit and a second output to be used to control the plurality of gimbaled thrusters; and 

wherein the reaction wheel control module is configured to use the first outputs 
fiom the momentum adjust module and the gimbal module respectively to generate an output to 
be used to control the pluraUty of reaction wheel assemblies. 

12. A satellite comprising: 

a plurality of reaction wheel assemblies configured to provide attitude for the 

sateUite; 

a plurality of gimbaled thrusters; and 

flight logic configured to control the plurality of reaction wheel assemblies and 
the plurality of gimbaled thrustos; 

wherein during an orbit transfer, the flight logic directs the plurality of reaction 
wheel assemblies to provide proper attitude for the satellite and uses the plurality of gimbaled 
thrusters to control the total momentum of the satellite, the total momentum including the 
momentum associated with the plurality of reaction wheel assemblies. 



11 



wo 200S/037646 



CT/US2004/033736 



13. The satellite of claim 12 wherein using the plundity of gimbaled thrustere to 
control the momentum associated with the plunUity of reaction wheel assemblies during the oibit 
transfer results in minimal gimbal stepping. 

14. The satellite of claim 12 wherein the flight logic resides on a computer-readable 
medium executable by a processor onboard die satellite. 

15. The satellite of claim 12 wherein the flight logic includes: 

a iieacUon wheel control module configured to control the plurality of reaction 
wheel assemblies; and 

a maneuver control module configured to use the plurality of gimbaled thrustere 
to control the momentum associated with the plumllty of reaction wheel assemblies during the 
orbit transfer. 

16. The satellite of claim 15 wherein the maneuver control module further includes a 
momentum adjust module and a ghnbal module; 

wherein the momentum adjust module is configured to receive information 
relating to the speed of the plundity of reaction wheel assemblies and a momentum command as 
mput and generate a plurality of outputs including a firet output relating to a reaction wheel 
momentum adjust torque, a second output relating to a thruster momentum adjust torque and a 
thud ou^ut relating to an integral momentum adjust torque; 

wherein the gimbal module is configured to use the second and third outputs from 
the momentum adjust module to generate a plurality of outputs including a first output relating to 
a torque deficit and a second output to be used to control the plurality of gimbaled thrusters; and 

wherein the reaction wheel control module is configured to use the first outputs 
from the momentum adjust module and U,e gimbal module respectively to generate an output to 
be used to control the plurality of reaction wheel assembUes. 

1 7. A method for providing attitude control with respect to a spacecraft having a 
plurality of reaction wheel assemblies and a plurality of gimbaled thrustere. comprising: 

issuing instructions to the plurality of reaction wheel assemblies to effect a 
desired attitude for the spacecraft during an orbit transfer, and 
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issuing instnictions to the plundity of gimbaled thnwtere to commence operations 
to control the total momentum of the spacecnift in o«ier to maintain the desired attitude the total 
momentum including the momentum aaaociated with theplunUity of reaction wheel ass«nblies. 

18. The method of claim 16 wherein the plundity of gimbaled thrustere include a 
plurality of gimbaled Hail Cunent thnistera (HCTs). 

19. The method of claim 1 8 wherein using the plurality of gimbaled HCTs to control 
the momentum associated with the plurality of reaction wheel assemblies results in minimal 
HCT gimbal stepping. 

20. method ofclaim 17 wherein the spacecraft includes a satellite. 

2 1 . Flight software having one or more instructions configured to execute the method 
as recited in chdm 17. wherein the flight software rasides on a computer-readable medium 
executable by a processor onboard die spacecraft. 

22. A method for providing attitude control with respect to a satellite having a 
plurality of reaction wheel assemblies and a plurality of gimbaled thrustera. compHsing: 

firing the plurality of gimbaled thnisters during an orbit transfer; and 
using infomiation relating to the speed of the plurality of reaction wheel 
assemblies and a momennun command during the orbit transfer to generate a first command to 
be used to adjust the plurality of reaction wheel assemblies to effect a desired atdtude for the 
satellue and a second command to be used to adjust the plurality of gimbaled thrustera to control 
the momentum associated with the plurality of reaction wheel assemblies so as to maintain the 
desired attitude. 

23. The method of claim 21 fiirther comprising: 

using the infomiation relating to the speed of the plurality of reaction wheel 
assemblies and the momentum command during the orbit transfer to generate a plurality of 
control signals including a first control signal relating to a reaction wheel momentum adjust 
torque, a second control signal relating to a thruster momentom adjust torque and a third control 
signal relating to an integral momentum adjust torque; 
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using the second and the third oontio] signals to genemte . fourth control signal 
relating to a toique deficit and the second command to be used to adjust the plurality of gimbaled 
thnisters; and 



using the first and fourth eontio] signals to generate the fi«t command to be used 
to adjust the plurality of reaction wheel assemblies. 



24. 



Flight software having one or more instnictions configured to execute the method 
as recited in claim 22. wherein the flight software resides on a computer-readable medium 
executable by a processor onboard the satellite. 
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